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ABSTRACT
We present new near-infrared (NIR) observations of M63 from the Extended Disk
Galaxy Exploration Science (EDGES) Survey. The extremely deep 3.6 µm mosaic reaches
29 AB mag arcsec−2 at the outer reaches of the azimuthally-averaged surface brightness pro-
file. At this depth the consequences of galactic accretion are found within a nearby tidal stream
and an up-bending break in the slope of the surface brightness profile. This break occurs at a
semi-major axis length of ∼8′, and is evidence of either an enhanced outer disc or an inner stellar
halo. Simulations of galaxy evolution, along with our observations, support an inner halo as the
explanation for the up-bending break. The mass of this halo component is the largest found in
an individual galaxy thus far. Additionally, our observations detect a nearby tidal stream. The
mass of the stream suggests that a handful of such accretion events are necessary to populate
the inner stellar halo. We also find that the accretion rate of the galaxy from the stream alone
underestimates the accretion rate required to build M63’s inner stellar halo.
Key Words: galaxies: spiral - galaxies: haloes - galaxies: individual - galaxies: interactions - galaxies:
evolution
1. Introduction
A fundamental question in galaxy evolution is: what are the consequences of a ΛCDM cosmology on
today’s galaxies? Simulations based upon a ΛCDM cosmology find that major mergers, where large galaxies
of roughly equivalent mass merge, were common in the early Universe. These dramatic encounters destroy
the underlying structures of the galaxies undergoing the merger, and cause an entirely new type of galaxy
to form (Hopkins et al. 2006; Chilingarian et al. 2010; Borlaff et al. 2014; Sonnenfeld et al. 2014). However,
while major mergers may have governed galaxy evolution for massive galaxies, these mergers are rare in the
nearby Universe. The driving force for the evolution of today’s intermediate mass galaxies is from minor
mergers, where satellite galaxies are accreted on to host galaxies without destroying the underlying structure
of the host. Simulations of minor mergers between a massive spiral and a dwarf satellite find observable
evidence for the merger: long-lived tidal streams (a dwarf in the process of being accreted), and a stellar
halo (the remnants of multiple mergers that form a halo surrounding the disc; Bullock & Johnston 2005;
Purcell et al. 2007; Cooper et al. 2010; Purcell et al. 2011; Cooper et al. 2013).
The search for the signs of minor mergers, streams and haloes began in the Milky Way. The earliest
discovered stream was the gaseous stream from the Large and Small Magellanic clouds (Wannier & Wrixon
1972; Mathewson et al. 1974). Subsequently, stellar streams have been detected coming from the Sagittarius
(Ibata et al. 1994) dwarf galaxy. This led to the discovery of a multitude of streams surrounding the Milky
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Way (e.g. Belokurov et al. 2006; Martin et al. 2014). In the Milky Way’s stellar halo, the largest globular
clusters, such as ω Centauri, are thought to be the cores of accreted satellites (e.g. Johnson & Pilachowski
2010; Marino et al. 2010). These large clusters host multiple stellar populations, which cannot be formed in
a simple Milky Way cluster (Mackey et al. 2010; Milone et al. 2010; Gratton et al. 2012).
Despite the success with the Milky Way, the detection of extragalactic stellar streams and haloes has
proven difficult with ground-based intruments. The Milky Way studies have relied on detecting very faint
individual stars, a task that is next to impossible for extragalactic sources from the ground without an
8 m class telescope. Thus, most ground-based extragalactic studies beyond the Local Group are limited to
studying the surface brightness of streams and haloes. This remains a difficult task; simulations find that the
surface brightnesses required to detect streams and haloes are below 28 AB mag arcsec−2 (Purcell et al. 2007;
Cooper et al. 2010, 2013). Reaching these extreme depths is complicated by the limited amounts of time
available on research-grade telescopes, difficulties in obtaining accurate flat fields, and the extended wings
of the point spread functions of reflecting telescopes. The works of Mart´ınez-Delgado et al. (2008, 2009,
2010, 2014) used a small telescope with a clear filter (essentially Sloan g, r, and i combined) to detect the
tidal features of nearby galaxies. Subsequently, these detections justified follow-up observations with larger
telescopes (Chonis et al. 2011; Mart´ınez-Delgado et al. 2012); these studies derived the physical properties
of the tidal streams such as their masses and star formation histories. Many of the above issues with low
surface brightness studies are solved by using an array of refracting telescopes. The robotic Dragonfly array
(Abraham & van Dokkum 2014) is currently surveying, to very low surface brightness, a large number of
nearby galaxies. Interestingly, Abraham & van Dokkum (2014) found only a hint of a stellar halo around
M101, down to µg ∼ 32 AB mag arcsec
−2. Finally, by deprojecting, and then stacking, many thousands of
SDSS galaxies, D’Souza et al. (2014) have detected the average stellar halo of spiral galaxies with masses
from 1010 − 1011 M⊙.
Space-based telescopes may be the best way to detect stellar haloes and streams. The Galaxy Halos,
Outer disks, Substructure, Thick disks and Star clusters (GHOSTS) survey (Radburn-Smith et al. 2011)
is investigating the haloes of several nearby spirals with the Hubble Space Telescope. These data have
successfully detected the stellar halo of NGC 253 (Bailin et al. 2011), and a mass for the stellar halo has been
derived. With the cryogen of the Spitzer Space Telescope exhausted, the telescope has entered a warmmission
with only the 3.6 µm and 4.5 µm cameras active. These bands are excellent for low stellar mass surface density
studies of older stellar populations down to ∼0.2M⊙ pc
−2 (Krick et al. 2011). This is due to the insensitivity
of the 3.6 and 4.5 µm M/L ratio of the older stellar populations to the effects of extinction, metallicity, and
stellar evolution (Bell & de Jong 2001; Oh et al. 2008; Meidt et al. 2014). The majority of the uncertainty
in the 3.6 µm M/L ratio comes from contaminants such as emission from polyaromatic hydrocarbons and
short-lived asymptotic giant branch stars. Several investigations (van Zee et al. 2009; Courteau et al. 2011;
Krick et al. 2011; van Zee et al. 2011; Barnes et al. 2014; Bush et al. 2014) have taken advantage of the
warm mission to conduct ultra-deep low surface brightness studies. In particular, Courteau et al. (2011)
have measured the mass of the stellar halo in the Andromeda galaxy, and Barnes et al. (2014) have measured
the physical properties of a tidal stream near M83.
In this work we analyse the near-infrared (NIR) low surface brightness properties of M63 (NGC5055),
a member of the Extended Disk Galaxy Exploration Science (EDGES) Survey (van Zee et al. 2011). Our
3.6 µm and 4.5 µm mosaics showcase the results of a minor merger between M63 and a nearby satellite.
There is a clearly visible tidal stream and stellar halo associated with this galaxy. We have measured the
properties of the stream and stellar halo that we compare to models based on hierarchical galaxy evolution
in a ΛCDM universe.
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2. Near-Infrared Imaging
The hallmark of the EDGES survey is ultra-deep (29 AB mag arcsec−2) wide-field (>5 R25) Spitzer
near-infrared (NIR) mosaics of 92 nearby galaxies. These data were taken during Spitzer’s Cycle 8, a warm
mission Exploration Science program (van Zee et al. 2011; PID 80025). In the following subsections we
detail the steps taken to construct the 3.6 µm and 4.5 µm mosaics for M63.
2.1. Maps
The extent of the EDGES M63 mosaic, (>5 R25), is 31.
′5 (de Vaucouleurs et al. 1991); significantly
larger than the extent of the IRAC field of view, 5.′2 × 5.′2. Therefore, the observing program for M63 was
designed to create mosaics from a grid-like mapping pattern of many individual dithered pointings. This
mapping pattern was set up to have the 3.6 µm mosaic centred on the target, with the 4.5 µm data being
taken concurrently. The 4.5 µm channel is separated from the 3.6 µm channel by 6.′5 and thus the 4.5 µm
map is slightly offset from the 3.6 µm map. The M63 mosaic is composed of 2,568 individual exposures to
reach our target depth of 1800 s pixel−1 while minimizing effects of saturation. The images were taken in
four Astronomical Observation Requests (AORs), sets of 400 to 800 exposures on March 29, 2012 and August
25, 2012 (Keys: 44244992, 44245248, 44246016, and 44246272). During each date two AORs were taken in
quick succession, with a break to begin a new AOR. This strategy assists in asteroid and artefact removal,
and also extends the 4.5 µm coverage by allowing the 4.5 µm images to be taken at different telescope roll
angles.
2.2. Data Processing
Before mosaicking, a number of pre-processing operations are applied to the individual frames to remove
artefacts common to warm mission data. The first correction removes slew residuals caused by tracking over
bright sources without a shutter. These slew residuals create sub-structure in every frame of an AOR. This
structure is removed by subtracting a median-frame (constructed by stacking every frame in the AOR into
a 3D data cube and taking a median down the frame number axis) from every image in the AOR.
Bright sources also create a complex negative bias in the bright source’s columns, the so-called “column
pulldown effect”. In the cryogenic mission this effect creates a single-valued bias over an entire column which
may be reliably removed. However, in the warm mission this effect is more difficult to remove as the bias
value depends on distance from the centre of the source. The Spitzer Science Center and various third parties
have published algorithms which correct for the warm mission column-pulldown, but they are not optimized
for the EDGES dataset, which contains diffuse structure and longer exposure times than average. We have
developed a pulldown corrector specifically for EDGES. Our pulldown corrector first identifies pulled-down
columns by flagging columns with bright sources. Then, it estimates the true value of the column as the
average of the flanking columns’ rows. This estimated column is then subtracted from the actual column.
The result is the functional form of the column pulldown. This result is fit with a linear function and the
linear function is subtracted from the actual column, which corrects the pulldown. By using our pulldown
corrector along with the Spitzer Science Center’s corrector, the majority of column pulldown artefacts are
removed automatically. The remaining pulled-down columns are manually flagged and removed. The damage
done to the mosaic by their removal is minimized by the excellent coverage of EDGES, where most pixels
contain data from 18 separate pointings.
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In addition to the column bias issues, there are two sources of frame-wide bias. As discussed in
Krick et al. (2011), the overall bias level of the individual frames depends on the delay time between expo-
sures, the so-called “first frame effect”. The AORs for M63 have enough frames to measure this effect for
each of the four AORs individually. This is accomplished by measuring the background level of every frame
with the IDL task SKY and fitting a logarithmic profile to the background as a function of delay time with
the IDL task MPFITFUN (Markwardt 2009) (see Figure 1) of the form:
cff(tdelay) = c0log(tdelay) + c1, (1)
where cff is the bias level due to the “first frame effect”, tdelay is the delay time between exposures, and c0,1
are the free parameters in the fit. This correction is applied to every frame in an individual AOR.
Krick et al. (2011) also found that the bias level depends on frame number; as an AOR progresses the
bias level of individual frames increases. This effect is greatest for the first few frames, and again the M63
AORs are large enough to measure this effect for each AOR (see Figure 2). Following Krick et al. (2011),
this effect is measured by fitting roots to the background as a function of frame number with the IDL task
MPFITFUN, of the form:
cb(nframe) = c0n
1/4
frame + c1n
1/3
frame + c2n
1/2
frame, (2)
where cb is the bias level due to frame buildup, nframe is the frame number, and c0, c1, and c2 are the free
parameters in the fit. This correction is applied to every frame in an individual AOR.
Once these artefacts have been removed, the AORs are processed individually with the standard MOPEX
pipeline. The plate scale is set to 0.75 arcsec pixel−1, and the AORs are set to a common astrometrical
solution. The diffuse background of each AOR is fit as a plane gradient to manually defined regions. This
plane gradient is subtracted from each AOR, and because of the common astrometrical solution, the AORs
are simply averaged to produce the final mosaic.
Due to the lack of short exposures, the central portions of the M63 mosaics suffer from saturated pixels.
To remedy this, archival data from the Spitzer Infrared Nearby Galaxies Survey are used to create a mosaic
with the same astrometric solution as the EDGES mosaic. The saturated pixels in the EDGES mosaic are
replaced with the archival data after matching background levels.
3. Analysis
M63 (see Figure 3) is a flocculent spiral at 7.9 Mpc (Tully et al. 2009; Nasonova et al. 2011). It features
an upbending radial profile (Chonis et al. 2011, see also Figure 4), which may be a stellar halo (Purcell et al.
2007, 2011; Cooper et al. 2013). Additionally, there is evidence of an ongoing accretion event with the
presence of a tidal stream (van der Kruit 1979; Chonis et al. 2011). These features make M63 an excellent
test bed for the power of the EDGES survey. We measure the surface brightness profile of M63 and convert
that to a mass density profile. We also fit Se´rsic functions to the data and measure the masses of the
individual components of M63, the bulge and two discs. In addition, we fit a Se´rsic disc and bulge along
with a power-law halo component. The nearby tidal stream is present in the 3.6 µm mosaic, and we measure
the physical properties of the stream, including the stellar mass of the progenitor galaxy, and the time since
the progenitor was disrupted.
– 5 –
3.1. Surface Brightness Profiles
We present the 3.6 µm surface brightness profile for M63 in Figure 4. Before the surface brightness profile
was measured, the mosaic was prepared by removing point sources and smoothing. The point sources were
removed in an iterative process, starting with a Ho¨gbom CLEAN algorithm, then masking with SExtractor,
and finally removing any remaining sources by hand. The smoothing was accomplished with a Gaussian
filter with a standard deviation of 6 pixels, with the IDL function GAUSS SMOOTH.
After the mosaic was prepared, the surface brightness profile was measured by fitting elliptical isophotes
to the data using the IRAF task ELLIPSE for the inner 9′. Beyond 9′, ELLIPSE fails to find a solution due to
low signal to noise. The surface brightness profile beyond 9′ is measured with fixed elliptical annuli defined
by the final isophote from ELLIPSE. This isophote has an axial ratio of 0.62, position angle of 103◦ east of
north, with a major axis of 9′.
Our surface brightness profiles are aperture corrected with the calibration from the Spitzer Science
Center’s IRAC instrument handbook (see Dale et al. 2009). This correction takes the form:
ftrue
fmeasured
= A× exp(−RB) + C, (3)
where f is the flux density measured within an aperture, A, B, and C are constants, and R is the radius of
the aperture. To use this correction with the annuli of the surface brightness profile, we measure the annuli
as the difference between two apertures with a difference in semi-major axis of one pixel.
To convert the surface brightness profile from MJy sr−1, calibrated from the MOPEX pipeline, into a
Vega-magnitude based surface brightness, we use the calibration from Reach et al. (2005) (c3.6m =280.9±4.1 Jy).
Furthermore, we calculate a mass surface density via:
Σ[M⊙pc
−2] = Υ3.6⋆ 10
−0.4(µ3.6−M
3.6
⊙ −21.572), (4)
where Σ is the mass surface density, Υ3.6⋆ = 0.5 is the stellar mass-to-light ratio at 3.6 µm (Oh et al.
2008; Eskew et al. 2012; Barnes et al. 2014; Meidt et al. 2014), µ3.6 is the measured surface brightness in
Vega mag arcsec−2, and M3.6⊙ = 3.24 is the absolute magnitude of the Sun at 3.6 µm (Oh et al. 2008), and
21.572 is the factor to convert from per square arcseconds to per square parsecs. See Figure 4 for the result.
Note that the uncertainties are the RMS value reported by ELLIPSE, or the standard deviation within the
annulus for data beyond 9′.
3.2. Profile Fitting and Mass Estimates of Fit Components
We have fit two models to our surface brightness profiles; the first is a Se´rsic bulge with two Se´rsic discs,
and the second is a Se´rsic bulge and disc with a halo component described by a power law. For the first
model we use the following equation (Se´rsic 1963, 1968) for each individual component:
S(R) = S0exp[−(R/h)
1/n], (5)
where S is surface brightness in MJy sr−1, R is the radius in arcmin, h is the scale length in arcmin, and
n is the Se´rsic index. We use standard Se´rsic indices: n = 4 for the bulge, and n = 1 for the two disc
components. The IDL Levenburg-Marquardt fitting algorithm MPFITFUN (Markwardt 2009) fits the model
to the data. Table 1 summarizes the results of the profile fit, and Figure 5 shows these fits. Additionally, to
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illustrate that the profile requires two discdisc components, Figure 4 contains a local scale length profile of
M63. These local scale lengths are computed by fitting a single disc component to five consecutive points
on the surface brightness profile. From the local scale length profile, and the fit, M63 at 3.6 µm is best
described by a two disc up-bending profile, where the slope increases at the bend radius, with the bend at
∼4.′5.
Up-bending breaks at large radii may also result from the detection of an inner stellar halo. For
this scenario we fit our surface brightness profile with a Se´rsic bulge and disc, and the U-model from
Courteau et al. (2011), a power law designed to measure the inner stellar halo:
Sh(R) = S∗
{
1 + (R∗/ah)
2
1 + (R/ah)2
}α
, (6)
where Sh is the surface brightness of the inner halo component in MJy sr
−1 at a radius R, R∗ is the turnover
radius (30 kpc), α = 1.26 ± 0.4, ah = 5.2 ± 0.16 kpc and Sh(R∗) = S∗. We fit this model as above. The
results of this fit are found in Table 1 and Figure 6.
From our model fits we measure the mass of the individual components of M63. For the Se´rsic compo-
nents this is accomplished by first integrating over R to find the total flux density, from Graham & Driver
(2005):
f(< R) = 2pi
b
a
S0h
2nγ(2n, x), (7)
where f(< R) is the total flux density up to a radius R, a and b are the semi-major and semi-minor axes
respectively, γ is the incomplete gamma function, and x = (R/h)1/n. We use the average b/a found by our
ellipse fitting, and R = 200 kpc. To find the flux density of the power law fit we use the following from
Courteau et al. (2011):
fh(< R) = 2pi
b
a
S∗R
2
∗
1 + a2∗
2(α− 1)
×
{(
1 + a2∗
a2∗
)α−1
−
(
1 + a2∗
s2max + a
2
∗
)α−1}
, (8)
where a∗ = ah/R∗ and smax = R/R∗. To convert the flux densities to a mass we use:
Mtotal[M⊙] = Υ
3.6
⋆
f [Jy]
c3.6m [Jy]
× 100.4(µ+M
3.6
⊙ ), (9)
where Mtotal is the total mass, Υ
3.6
⋆ = 0.5 is the stellar mass-to-light ratio at 3.6 µm (Oh et al. 2008;
Eskew et al. 2012; Barnes et al. 2014; Meidt et al. 2014), c3.6m = 280.9 Jy is the 3.6 µm calibration factor
to Vega-magnitudes (Reach et al. 2005), µ = 29.49 ± 0.35 mag is the distance modulus (Tully et al. 2009;
Nasonova et al. 2011), and M3.6⊙ = 3.24 mag is the absolute magnitude of the Sun at 3.6 µm (Oh et al.
2008). See Table 1 for the results.
3.3. Tidal Stream
M63 hosts a nearby tidal stream, first discovered by van der Kruit (1979), and recently studied in-depth
by Chonis et al. (2011). The portion of the stream unobscured by the light from M63’s disc and halo is
fit well by an ellipse, as seen in Figure 3. This ellipse has a position angle of 75◦ east of north, an axial
ratio of b/a = 0.64, and a semi-major axis of a = 13.′5 (31 kpc at our fiducial distance to M63 of 7.9 Mpc).
To measure the width of the stream, we have defined three rectangular apertures over three sections of
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the stream, seen in Figure 3. To produce a 2-D profile of the stream, the rows perpendicular to north are
averaged, see Figure 7. A three-parameter Gaussian (peak, position, and standard deviation) and a linear
function is then fit to the 2-D profile. From the average of the three apertures, the stream has a peak of
2.0 ± 0.3 kJy sr−1, with a standard deviation of 42 ± 10′′. Following the example of Barnes et al. (2014),
where the width of the stream is 20% of the maximum, results in a width of 75± 18′′, or 2.9± 0.7 kpc.
To measure the total mass of the stream we employ three methods. For the first, we simply measure
the total surface brightness within a polygonal aperture, and convert the result to a mass using Equation 9.
To account for the missing light from masked stars and galaxies, the result is multipled by the ratio of total
area to missing area (1.29), the total mass is 1.2± 0.5× 108M⊙.
For the second method, we use the ellipse and width of the stream measured above. If the stream is
circular with a Gaussian profile, then the total light of the stream is equal to the integrated light within one
Gaussian width element multiplied by the circumference of the circle. This is:
ftotal = Smaxσ(2pi)
3/2ηR, (10)
where ftotal is the total flux density of the stream in Jy, Smax is the surface brightness at the peak of the
Gaussian fit in Jy sr−1, σ is the standard deviation of the Gaussian fit in radians, η is the number of times
the stream loops, and R is the radius of the circular orbit in radians. With the average standard deviation
of the Gaussian fit to the stream, and with the semi-major axis of the ellipse as the radius, we find a mass
of (5±2)η × 108M⊙.
The final method used to determine the mass of the stream is the dynamical method of Johnston et al.
(2001). This method assumes that the stream’s orbit is circular and the stream is within a logarithmic
potential. From Johnston et al. (2001):
Mtotal[M⊙] ∼ 10
11
(w
R
)3( Rp
10 kpc
)( vcirc
200 km s−1
)2
M⊙, (11)
where w is the width of stream at the deprojected radius R, Rp is the pericentre radius of the stream, and
vcirc is the circular velocity of the host galaxy. The width at 20% of the maximum is 75 ± 18
′′, described
above. The circular velocity is 180 km s−1 (Bosma 1978; Battaglia et al. 2006). With our assumption that
the stream’s orbit is circular Rp = R, and R = 31 kpc, shown above. This results in a dynamically derived
estimate of the stream’s total mass of 2.3±1.6× 108M⊙.
In addition to an estimate of the mass of the stream, we also calculate the time since disruption with
the derivation from Johnston et al. (2001):
t ∼ 0.01Φ
(
R
w
)(
Rcirc
10 kpc
)(
200 km s−1
vcirc
)
Gyr, (12)
where t is the time since disruption, Φ is the angular extent of the stream, and Rcirc is the circular radius
of the stream. Assuming that the stream is circular with some number of loops, Φ = 2piη. The remaining
parameters are described above. We find a time since disruption of (2.3±0.7)η Gyr, which agrees with the
result of Chonis et al. (2011) of ∼1.8η Gyr.
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4. Discussion
4.1. Inner Stellar Halo
The surface brightness profile of M63 reveals an extended, low surface brightness feature in the form
of an up-bending break beyond ∼15 kpc. These up-bending breaks are not unusual for galaxies of M63’s
Hubble Type (T = 4, de Vaucouleurs et al. 1991); Pohlen & Trujillo (2006) have found that ∼50% of local
SDSS galaxies with T = 2.5− 4.4 feature up-bending breaks), but what could have caused this break?
Classical surface brightness profiles feature either a single disc component (Patterson 1940; de Vaucouleurs
1959; Freeman 1970), or a truncated, down-bending, profile (van der Kruit 1979, 1987). These results are
reproduced in simulations of disc galaxies in solitary environments. The simulations work on the principles
that gas forms stars after reaching a critical density threshold per the Kennicutt-Schmidt Law (Kennicutt
1998), stars may migrate from their original positions through interactions with spiral arms, and that there
are no mergers over the galaxy’s lifetime. These assumptions result in discs with down-bending breaks
at large radii; due to breaks in the gas-density profile (Rosˇkar et al. 2008; Sa´nchez-Bla´zquez et al. 2009;
Mart´ınez-Serrano et al. 2009), or by stars scattered from interactions with spiral arms (Rosˇkar et al. 2009).
The only time a solitary disc may naturally form an up-bending break is in the presence of a varying
galaxy cluster potential (Moore et al. 1996, 1999), or in a dark matter halo with low angular momentum
(Herpich et al. 2015). M63 is not within a galaxy cluster, and while there are no measurements of the angu-
lar momentum of M63’s halo, the simulations that found up-bending breaks from these potentials also have
large bulges, which is not seen in M63. Thus far, simulations of galaxies evolving in solitary environments
cannot fully reproduce what we observe with M63.
Simulations and analytical models of galaxy mergers in a ΛCDM universe find that stellar haloes are
produced when satellite galaxies are accreted on to larger galaxies. The signature of these haloes appear in
surface brightness profiles in the form of up-bending breaks at radii of 15-20 kpc (Tissera et al. 2014), and at
surface brightnesses dimmer than 28 AB mag arcsec−2 (Purcell et al. 2007; Cooper et al. 2010; Purcell et al.
2011; Cooper et al. 2013); the same radial, and surface brightness, regime where we find the up-bending break
in M63. The presence of stellar haloes at these radii and surface brightness is also confirmed observationally
for the Milky Way (Carollo et al. 2010), M31 (Courteau et al. 2011), and M81 (Monachesi et al. 2013).
Direct measurements of the observed properties of M63 also suggest that the up-bending break is the
signature of a stellar halo. By stacking many late-type SDSS galaxies into a single mosaic, D’Souza et al.
(2014) have detected an average stellar halo. They find that the g − r colour profile of the stacked galaxies
decreases with radius, until it reaches a break point, where the colour reddens sharply. This is seen in the
B − R image of M63 from Chonis et al. (2011), where the average B − R colour jumps from ∼0.8 at the
outermost edge of the disc to ∼1.2–1.4 beyond the 15 kpc break radius. This reddening suggests a change
from a young stellar population within a disc, to older stellar populations within a halo. We assume colour is
an analog of age at large radii because metallicity gradients have been found to flatten beyond R25 (Bresolin
2013; Bush et al. 2014; Kudritzki et al. 2014). A halo scenario is also supported by the far-ultraviolet map
of M63 from Thilker et al. (2007). This map finds no far-ultraviolet emission past 15 kpc to a star formation
rate density of 3× 10−4M⊙yr
−1kpc−2, the minimum threshold for star formation (Kennicutt 1998). While
these stars may have formed as part of a disc in the past, this is unlikely as simulations have found that the
surface density of discs rapidly declines past the star formation threshold (Rosˇkar et al. 2009). Additionally,
there is no detected spiral structure in the B, R, 3.6 µm, and 4.5 µm data, beyond 15 kpc. The HI maps
of Battaglia et al. (2006) contain spiral structure past 15 kpc, however, this structure is inclined in respect
to the optical and infrared data in the same radial regime. We therefore assume that the HI gas is not
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associated with the optical and infrared emission. Both simulations and observational evidence points to
the break as the signature of a stellar halo, rather than an up-bending break in a disc. We therefore assume
that our halo-model power-law fit is the correct decomposition method for M63.
With the assumption that the break is due to a stellar halo, we may compare our mass measurement of
the halo to simulations based on a ΛCDM cosmology. These simulations operate on the base assumption that
galaxy evolution is driven by the hierarchical growth of galaxies via the accretion of small satellite galaxies
on to larger host galaxies. A semi-analytical analysis of ΛCDM based N -body simulations (Springel 2005;
Boylan-Kolchin et al. 2009) finds that the evidence of this accretion exists within a stellar halo component
Bullock & Johnston (2005); Purcell et al. (2007); Cooper et al. (2010, 2013). We assume that the bulk of
M63’s stellar halo mass is due to the accretion of smaller satellite galaxies. The stellar halo mass fraction
derived from stars formed in situ in the Milky Way is only ∼1% (e.g. Morrison 1993; Chiba & Beers 2000;
Purcell et al. 2007; Bell et al. 2008), whereas the total stellar mass fraction is found to be near ∼2% (e.g.
Law et al. 2005; Carollo et al. 2010). If the mechanism for populating the halo with stars born in situ is
similar in the Milky Way and in M63 (they are both spirals of nearly equal mass), then a stellar halo mass
fraction above ∼1% is comprised mostly of accreted stars. In Figure 8 we plot our result for M63 along with
the results for the Milky Way (Carollo et al. 2010), M31 (Courteau et al. 2011), M81 (Monachesi et al. 2013),
and M101 (van Dokkum et al. 2014). Additionally, we include the results of the analysis of D’Souza et al.
(2014); they measured the average stellar halo mass fraction over many mass bins by stacking thousands of
SDSS galaxies. The model prediction from the numerical simulations of Cooper et al. (2013) is also included.
Our result, and most other results (besides M101), fit well within the model prediction of Cooper et al. (2013)
and the results from the analysis of SDSS data (D’Souza et al. 2014).
We note that populating stellar haloes with stars from accreted satellites is a stochastic process, where
most of the mass comes from a few massive dwarf galaxies (Bullock & Johnston 2005; Cooper et al. 2010).
Thus, a large scatter is to be expected in the stellar halo mass fraction to total stellar mass relation. It is
not surprising to have a result such as M101; this galaxy must not have accreted enough massive dwarfs to
produce a halo detectable by van Dokkum et al. (2014). We also note that the result from D’Souza et al.
(2014) is for the average stellar halo, the uncertainty quoted is based on detecting an average stellar halo,
and in no way describes the intrinsic scatter expected from the stochastic accretion of satellite galaxies.
Thus, our results, other observational studies, and model predictions, are consistent with one another within
the assumption that the accretion of satellite galaxies is a highly stochastic process.
4.2. Tidal Stream
We chose M63 for this study because of the nearby, dramatic, tidal stream. This feature dominates the
spatial extent of the 3.6 µmmosaic; the radius of the disc is roughly half that of the stream. These features are
ubiquitous for Milky Way sized spiral galaxies in a ΛCDM universe, as shown in semi-analytical simulations
(Bullock & Johnston 2005; Purcell et al. 2007; Cooper et al. 2010; Purcell et al. 2011; Cooper et al. 2013).
However, only a handful of galaxies show obvious evidence of streams in the EDGES sample, and only M63
and NGC4013 feature prominent streams. Yet streams should be common events for galaxies; the remnants
of streams, stellar haloes, can be an order of magnitude more massive than an individual stream. In M63,
for example, the halo has 16± 2 times more mass than the stream (assuming the stream loops once). Given
that the mass of the tidal stream is near the upper limit for dwarf galaxies (Mateo 1998; Cook et al. 2014),
M63 must have accreted many more galaxies than even the halo-to-stream mass fraction suggests.
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A simple explanation for the lack of streams is that the accretion rate of satellite galaxies was greater
in the past. To test this explanation, we compare the average accretion rate derived from the stellar halo,
to the current accretion rate derived from the stellar stream. To measure the current accretion rate, we
make the following assumptions: all of the mass of the tidal stream’s progenitor galaxy will be accreted on
to M63, the stream loops a single time, and over the timescale since disruption the tidal stream is the only
contributor to the accretion rate. Thus, the current accretion rate is the mass of the progenitor divided by
the time since disruption, see § 3.3 for these measurements. This is an upper limit because the tidal stream
will be contributing to the mass of the halo past the time since disruption. To find a lower limit for the
average accretion rate, we assume that the halo is comprised entirely of accreted stars, and the age of M63 is
the age of the Universe, ∼13.5 Gyr. Thus, the average accretion rate is the mass of the stellar halo divided
by 13.5 Gyr, see § 3.2 for this measurement. The ratio of the average accretion rate to the current accretion
rate is at least 3±1. Given the many assumptions of this analysis, the rate at which M63 is accreting matter
from this dramatic tidal event is much lower than in the past. This is in agreement with simulations, which
find that the majority of the mass which forms the stellar halo was accreted in the first ∼5 Gyr of a galaxy’s
existence (Bullock & Johnston 2005; Cooper et al. 2010).
5. Conclusion
We present an analysis of the low surface brightness NIR properties of the flocculent spiral M63 as part
of the EDGES Survey. We use the 3.6 µm data to derive the mass of the old stellar population within the
individual components of the galaxy including the bulge, disc, halo and nearby tidal stream.
The M63 mosaic consists of data from the EDGES Survey, an ultra-deep (1800 s pixel−1), wide-field
(> 5 R25), Spitzer warm mission survey of 92 nearby galaxies (van Zee et al. 2011). The resulting mosaic
reaches a depth of 29 AB mag arcsec−2 at a distance of ∼ 3 R25 on the surface brightness profile. At this
imaging depth the outer component of the galaxy is detected (an outer disc or inner stellar halo) in the form
of an up-bending break in the surface brightness profile, along with the nearby tidal stream.
Several factors indicate that the outer component is a stellar halo. An up-bending break is unlikely for
a disc as M63 is not within a galaxy cluster, the colour of the feature suggests an old stellar population,
there is little active star formation in this region, and there is no evidence of spiral structure past 15 kpc.
The halo to total mass ratio is 12 ± 2%, the largest halo mass ratio recorded thus far for an individual
galaxy. This ratio agrees well with the ratios derived from SDSS data for the average galaxy (D’Souza et al.
2014), and is within the envelope predicted by the semi-analytical methods of (Cooper et al. 2013). With
the EDGES survey of 92 galaxies we will be able to construct a large sample of stellar halo measurements
for a more statistically-grounded result (Staudaher 2015, in prep.). These new observations will shed light
on the interplay between large galaxies and their satellites, and will have interesting implications for the
missing satellite problem.
The nearby tidal stream has a mass of (5±2)η×108M⊙, derived from the stream’s luminosity and width,
and 2.3±1.6× 108M⊙, measured dynamically. The dynamical method also finds a time since disruption of
(2.3±0.7)η Gyr for this stream. Despite the prominence of the tidal stream, the 16± 2 times more massive
halo suggests that the accretion rate of satellites was much larger in the past. This is supported by the ratio
of the current to past accretion rates; the average accretion rate is at least 3 ± 1 times the accretion rate
derived from the stream alone. This is not surprising given that the Universe was much denser, and galaxies
were smaller in the past. Semi-analytical models of Milky Way analogs also find that satellite galaxies were,
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in general, accreted more rapidly in the past (Bullock & Johnston 2005; Cooper et al. 2010).
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use of the NASA/IPAC Infrared Science Archive, which is operated by the Jet Propulsion Laboratory, Cal-
ifornia Institute of Technology, under contract with NASA. This research has made use of the NASA/IPAC
Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics and Space Administration. We would also like to
thank the anonymous referee for their constructive feedback.
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Table 1. Surface Brightness Fit Parameters
Component I [MJy sr−1] h [′] Mass [M⊙]
Bulge 2.90 ± 0.30 0.296 ± 0.026 8.0 ± 3.5 × 109
Disc1 1.08 ± 0.10 1.30 ± 0.10 3.0 ± 1.3 × 10
10
Disc2 0.129 ± 0.031 3.48 ± 0.22 2.6 ± 1.2 × 10
10
Bulge 2.65 ± 0.29 0.37 ± 0.16 1.15 ± 0.49 × 1010
Disc 0.744 ± 0.048 1.87 ± 0.05 4.3 ± 1.7 × 1010
Halo 0.00147 ± 0.00016 · · · 7.7 ± 3.1 × 109
Note. — This table contains the parameters for each component of the
fits to the surface brightness profiles (see §3.2). The data above the line
designates the model with a Se´rsic bulge with two discs, and the data below
the line designates the model with a Se´rsic bulge, disc, and a power-law halo.
I is the central surface brightness of the fit. h is the scale length of the fit.
The mass is the mass of the component, as discussed in §3.2.
Fig. 1.— The first frame effect due to delay time for AOR key 44244992, the first AOR taken for M63. The
solid line is the exponential fit used to correct the effect as discussed in §2.2.
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Fig. 2.— The buildup effect due to frame number for AOR key 44244992, the first AOR taken for M63. The
solid line is the polynomial fit used to correct the effect as discussed in §2.2. Note that the scatter seen in
frames 100-170 corresponds to frames in which M63 fills the field-of-view, so the measured sky value includes
both sky and galaxy light. By fitting a functional form to the sky value, rather than using the local sky for
each frame, we retain the extended, diffuse light associated with this galaxy.
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Fig. 3.— The 3.6 µm mosaic of M63; calibrated in AB mag arcsec−2 according to the coloured bar. The
image on the left shows the entire extent of the galaxy while the image on the right is a zoomed-in view
which highlights the traditional optical extent of the galaxy. White pixels are masked from the analysis. The
green ellipse is the RC3 R25 ellipse (de Vaucouleurs et al. 1991). The black ellipse is our fit to the stellar
stream. The blue box is the polygonal aperture used in §3.3 to measure the mass of the stream. The red
rectangles are used to measure the width of the stream, as discussed in §3.3.
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Fig. 4.— The upper plot is the surface brightness profile of M63, see §3.1 for details. The x-axis is in
arcminutes and also in kpc. The y-axis is in terms of a surface brightness in mag arcsec−2 and a mass
surface density in M⊙pc
−2. The vertical line is the RC3 value of R25 (de Vaucouleurs et al. 1991). The
lower plot is the local scale length versus radius (See §3.2); the arrow designates where a possible up-bending
break occurs.
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Fig. 5.— The surface brightness profile of M63 fit with a Se´rsic bulge and two discs as discussed in §3.2.
The solid line is the total fit. The dotted line is the fit to the bulge component. The dashed line is the fit
to the inner disc. The dashed-dotted line is the fit to the outer disc. Table 1 summarizes the parameters
of these fits. The vertical line is the RC3 value of R25 (de Vaucouleurs et al. 1991) the arrow designates
approximately where the up-bending break occurs.
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Fig. 6.— The surface brightness profile of M63 fit with a Se´rsic bulge and disc along with a fit to a stellar
halo as a power law from Courteau et al. (2011). The solid line is the total fit. The dotted line is the fit
to the bulge. The dashed line is the fit to the disc. The dashed-dotted line is the fit to the halo. Table 1
summarizes the parameters of the fit. The vertical line is the RC3 value of R25 (de Vaucouleurs et al. 1991).
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Fig. 7.— Surface brightness versus row number for the second rectangle on M63’s tidal stream (see Figure 3).
The points are individual pixels bounded within the rectangle. The dashed line is the median of the pixels
along a row. The solid line is the Gaussian and linear fit to the median. We use the standard deviation from
the Gaussian fit as an analog to the width of the stream. See §3.3 for more information.
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Fig. 8.— Stellar halo mass fraction versus total stellar mass. The circles are results for M63 (this work),
M31 (Courteau et al. 2011), M101 (van Dokkum et al. 2014), and the Milky Way (Carollo et al. 2010).
The orange line and yellow region are the median and 1 σ uncertainty, respectively, from the numerical
simulations of Cooper et al. (2013). Finally, the triangles are the results from an analysis of SDSS data from
D’Souza et al. (2014).
